A gas-phase surface discharge (GSD) was employed to optimize the discharge reactor structure and investigate the dye degradation. A dye mixture of methylene blue, acid orange and methyl orange was used as a model pollutant. The results indicated that the reactor structure of the GSD system with the ratio of tube inner surface area and volume of 2.48, screw pitch between a high-voltage electrode of 9.7 mm, high-voltage electrode wire diameter of 0.8 mm, dielectric tube thickness of 2.0 mm and tube inner diameter of 16.13 mm presented a better ozone (O 3 ) generation efficiency. Furthermore, a larger screw pitch and smaller wire diameter enhanced the O 3 generation. After the dye mixture degradation by the optimized GSD system, 73.21% and 50.74% of the chemical oxygen demand (COD) and total organic carbon removal rate were achieved within 20 min, respectively, and the biochemical oxygen demand (BOD) and biodegradability (BOD/COD) improved.
Introduction
The dye industry has seen rapid development. However, dye has many complex composition characteristics, toxic substances, large emissions, high COD matter and poor biodegradability, which are harmful to the environment and human health [1, 2] . Therefore, there is an urgent need to pursue a proper method for dye treatment. The traditional methods are physical treatment [3] , chemical treatment [4, 5] and biological oxidation [6] . However, there are many problems, such as operational difficulty, secondary pollution, higher material cost and the necessity for a subsequent process. Hence, it is imperative to find a better and advanced method to degrade dye.
In recent years, the research field of plasma technology has become wider and wider, and it now provides new technology for environmental management and efficient waste control applications [7] [8] [9] [10] . In addition, plasma is an advanced technology combining the physical and chemical effects. The physical effects mainly include shock waves and ultraviolet light, while the chemical effects mainly include reactive oxygen species, reactive nitrogen, free radicals, excited state atoms and high-energy electrons. Due to higher O 3 production among the discharge plasma methods, dielectric surface discharge, especially gas-phase surface discharge (GSD), has rapidly developed in the wastewater treatment process, waste gas and industrial residue. It has the advantages of no selectivity, no secondary pollution, higher plasma intensity, more active particles, intense ultraviolet light and the reduction of transmission loss [11, 12] . However, in the investigation of dye degradation by the GSD system, the effect of the discharge reactor structure on O 3 production has not been explored completely, including the screw pitch of a high-voltage electrode, the wire diameter of a high-voltage electrode, dielectric tube thickness, tube inner diameter and the ratio of tube inner surface area and volume. Furthermore, in the investigation of dye degradation, we should also put the focus on the dye mixture degradation to investigate the organics decomposition and biodegradability.
In this paper, the discharge reactor structure of the GSD system was optimized according to the O 3 generation efficiency. The degradation efficiency of dye was explored according to the investigation of absorbance, chemical oxygen demand (COD), biochemical oxygen demand (BOD), BOD/COD and total organic carbon (TOC).
Experiment section

Experimental setup
The experiment setup is shown in figure 1(a) , mainly including the high-frequency power supply, surface discharge reactor, aeration device and detection system. A two-tube parallel surface discharge reactor is shown in figure 1(b) . The high-voltage electrode is made by the spiral stainless steel, which is tightly attached onto the inside wall of a quartz glass tube of intermediate medium. In this two-tube parallel surface discharge reactor, the high-voltage electrodes are in parallel mode. The gas flows into the medium tube and is discharged, then flows out through the aerator. The active substances come out and react with the wastewater to degrade pollutants. The liquid phase, which is between the quartz medium and external glass tube, serves as the ground electrode. In this experiment, the O 3 concentration, absorbance, BOD and TOC were measured by an O 3 monitor (EG-2001B), ultraviolet spectrophotometer (752N INESA), BOD sensor (VELP SCIENTIFICA IEC 1010/1) and TOC analyzer (Vario TOC), respectively. The discharge image and voltage-current waveforms are shown in figure 2.
Experimental methods
When investigating and optimizing discharge reactor structure, the power (P) and O 3 generation efficiency (Q) are calculated. The formulas are as follows [13] :
where P is the power (W), U is the peak voltage (V), I is the current (A), T is the discharge time (s), f is the frequency (Hz), C is the value of capacitance in parallel to the low-pressure probe (F), U C is the voltage of capacitance (V) and S n is the area of Lissajous figures, which is calculated according to the current and voltage. L is the wire length of spiral stainless steel of the high-voltage electrode (cm), P L is the power unit wire length of the high-voltage electrode (W·cm −1 ). V is the inner surface volume of the dielectric tube (cm 3 ), P V is the power unit inner surface volume of the dielectric tube (W·cm −3 ). Q a is the average O 3 concentration within t min (mg· l −1 ), ∫Q is the total O 3 generation within t min (mg). v is the gas flow rate (l·min −1 ), Q PL is the O 3 generation unit power and wire length (μg·h
. Q PV is the O 3 generation unit power and inner surface volume of the dielectric tube (μg·h
). Q PLV is the O 3 generation unit power, wire length and inner surface volume of the dielectric tube (μg·h
. The standard method of COD analysis was employed [14] . The degradation efficiency of dye was calculated by the following formulas:
where R COD is the COD removal rate of dye (%), C 0(COD) is the initial COD of dye (mg·l −1 ), C t(COD) is the value of COD after t min discharge treatment (mg·l −1 ), R TOC is the TOC removal rate of dye (%), C 0(TOC) is the initial TOC (mg·l −1 ) and C t(TOC) is the value of TOC after t min discharge treatment (mg·l
), respectively.
Results and discussions
3.1. Effect of discharge reactor structure 3.1.1. Effect of high-voltage electrode structure. The highvoltage electrode structure affects the electric field distribution and intensity and further affects O 3 production, mainly including the screw pitch and wire diameter. Screw pitch (s) is the distance between the spiral stainless steel wires of the high-voltage electrode. Wire diameter (l) is the spiral stainless steel wire diameter of the high-voltage electrode. The experiment conditions were that dielectric tube thickness was 2.0 mm, tube inner diameter was 19.0 mm, the inner surface area of the dielectric tube was 36.84 cm 3 , the height of the spiral steel wire of the high-voltage electrode was 13 cm, the inner volume of the dielectric tube was 77.56 cm 2 and the ratio of the inner surface area and volume of the dielectric tube (S/V ) was 2.10. The peak voltage, discharge frequency, gas flow rate and solution volume were 6.0 kV, 7.0 kHz, 0.6 l·min Similarly, when l was investigated, s was 11.5 mm.
As shown in figure 3 , with the increase of the screw pitch (s), the power (P) and the power unit tube inner volume (P V ) decreased. However, the power unit wire length of the highvoltage electrode (P L ) slightly increased. O 3 generation efficiency (Q) increased. The decrease of P was due to the low current generation. The increase of P L was because of the substantial decrease of L with the increase of s. The increase of Q was because the ion has a longer acceleration distance to cause the larger plasma area. This indicated that larger s could get the larger O 3 generation efficiency. This was because too small s could result in the mutual weakening of the electric field between spiral stainless steel wires of the high-voltage electrode and too large s could lead to the decrease of the electric field, which had no effect on discharge [15] . As revealed in figure 4 , we found that with the increase of wire diameter (l) P increased and Q decreased. Larger l was easier to discharge and the current increased in the process of plasma production, which led to the increase of injected power and the enhancement of P. In addition, the increase of l also meant the reduction of the discharge gap and gas residence time, resulting in the reduction of Q [16, 17] . In summary, the optimal s and l were 11.5 and 0.8 mm, respectively, where the ratio of the screw pitch and tube inner diameter was 0.605. 3.1.2. Effect of dielectric tube structure. The dielectric tube structure mainly includes the dielectric tube thickness (m) and inner diameter of the dielectric quartz tube (d). The electric field distribution could be affected under the different conditions of the dielectric tube structure. Therefore, m of 1.0, 1.5, 2.0, 2.5 and 3.0 mm, and d of 10.2, 13.3, 16.5, 19.6 and 22.8 mm were investigated. The experiment conditions were that the screw pitch (s) was 11.5 mm, the wire diameter (l) was 0.8 mm, the ratio of the tube inner surface area and volume (S/V ) was 2.10, and other conditions were as in section 3.1.1.
From figure 5 , we could see that with the increase of tube thickness (m), the power (P) decreased, O 3 generation unit power and wire length (Q PL ) and O 3 generation unit power and tube inner volume (Q PV ) all showed the trend of first increasing and eventually decreasing. We concluded that the condition m of 2.0 mm had greater O 3 generation efficiency. According to the following formulas from (3-1) to (3-4), we found that with the increase of m, the effective capacitance (c) decreased, the inductive reactance (X L ) enhanced and the capacitance reactance (X C ) enhanced accordingly, resulting in the decrease of current and power. Furthermore, smaller m could cause the decrease of the starting voltage, resulting in the enhancement of average current density and field intensity between the air gaps [18] . These were the reasons for the power changes with different m. A proper value of m was important for the discharge system, because too small m had poor anti-high-voltage ability, and too large m had poor thermal dissipation, which could influence the density of the active particles and result in the reduction of O 3 concentration. Figure 6 indicated that with the increase of the tube inner diameter (d), the power (P) and the power unit wire length of the high-voltage electrode (P L ) increased, while the power unit tube inner volume (P V ) decreased. O 3 generation unit power and tube inner volume (Q PV ) and O 3 generation unit power, wire length and tube inner volume (Q PLV ) first increased and eventually decreased. The enhancement of Q with the increase of d was due to the increase of gas residence time in a larger discharge tube, resulting in the increase of Q. However, too large d could cause the decrease of high-energy electron production. Although the total number of the electrons improved, the number of effective collisions reduced, resulting in the increase of energy loss and reduction of average current density and the field strength in the discharge area. In addition, the air-flow condition could affect the discharge, and it could be reflected by Reynolds number (Re). With the increase of d, the Re became smaller and the viscosity force increased, resulting in the increase of Q PV . However, the decrease of d led to the increase of Re, the turbulivity increased accordingly, the non-uniformity degree of energy distribution in the plasma region increased and the Q PV increased [19] . In conclusion, the optimal values of m and d are 2.0 and 16.5 mm, respectively.
where c is the capacitance (F), ε is the permittivity of the dielectric tube, S is the area between the capacitors (cm 2 ), k is the electrostatic constant, m is the distance between the capacitors (m), Z is impedance (Ω), R is the resistance (Ω), j is the imaginary number, X L is the inductive reactance (Ω), X C is the capacitance reactance (Ω), w is the angular frequency (Hz), l is the inductance (H), f is the frequency (Hz).
3.1.3. Effect of the ratio of the dielectric tube inner surface and volume. To investigate the effect of the discharge field area on discharge, the ratio of the tube internal surface area and volume (S/V ) of 1.75, 2.48, 3.03, 3.51 and 3.92 was investigated in this section according to the power consumption (P) and O 3 generation efficiency (Q). The discharge volume remained the same, the discharge field area was adjusted through changing the tube number and the highvoltage electrodes were in parallel mode, as shown in figure 7 . The ratio of the screw pitch and dielectric tube internal diameter (s/d) was 0.605. Therefore, with the increase of S/V, the dielectric tube number was added, the total tube inner surface area (S) improved, the inner diameter of each dielectric tube (d) decreased because of the same value of V, screw pitch (s) became smaller due to the same value of s/d, the total wire length of the high-voltage electrode (L) increased due to the larger s and larger tube number and the discharge field area was enhanced. The peak voltage and discharge frequency kept the values of 6 kV and 7 kHz, respectively. The other conditions were as in section 3.1.2.
As revealed in figure 8 , with the increase of S/V, the power (P) increased, the power unit wire length of highvoltage electrode (P L ) had a slight increase first and then showed an eventual decrease. These were because of the parallel mode and significant increase of L. Average O 3 concentration (Q a ) and O 3 generation unit power and discharge field volume (Q PV ) first increased and then decreased. The increase of Q was due to the higher effective discharge area and higher effective gas, which could be converted into active substances. The decrease of Q was because of the reduction of gas residence time and the higher weakening effect of the field strength due to the larger value of screw pitch (s). Therefore, the optimal value of S/V was 2.48.
Investigation of dye degradation
The dye mixture of methylene blue (MB), acid orange (AO) and methyl orange (MO) was degraded by the GSD system. The discharge conditions were peak voltage of 6 kV, discharge frequency of 7 kHz, gas low rate of 0.6 l·min −1 , and the solution volume of 1000 ml. In addition, the initial concentration of each dye mixture was 10 mg·l −1 , and other conditions were as in section 3.1.3.
As revealed in figure 9 , the concentration of the dye mixture was decreased. The coloration of dye was due to the chromophoric groups, which were conjugated to the adjacent benzene rings, mainly including the unsaturated -N=N-of the molecular structure. This indicated that the chromophoric groups were destroyed through discharge, and the dye mixture was decolored [20] . From figure 10, we could see that with the increase of discharge time from 0 to 20 min, the BOD increased from 18.0 mg·l −1 to 24.6 mg·l
, the COD showed a decrease trend from 29.80 mg·l −1 to 7.98 mg·l −1 and the R (COD) increased to 73.21% accordingly, while the BOD/COD increased from 0.604 to 3.081. Meanwhile, the TOC decreased from 13.44 mg·l −1 to 6.62 mg·l −1 and the R (TOC) increased to 50.74% within 20 min. It was concluded that the organics of dye were decomposed during the GSD treatment process, some macromolecules were oxidized into the micromolecule compounds, the biodegradability was enhanced and the carbonaceous matter was transformed into CO 2 . In the process of GSD treatment, some intermediates were produced mainly by direct and indirect ozonization, high-energy electron attack and ultraviolet radiation. Some parts of the specific products are shown in table 1 [21] [22] [23] . Polyhydroxy compounds, aliphatics, unstable cyclic ozonide, carbonyl compound and carbonyl oxide molecules were formed through hydroxylation [24] , demethylation [25] and ozonization [26] , and finally they could result in CO 2 , H 2 O, -NO 3 and -SO 4 2 [27] . The degraded dye made biodegradation and subsequent processes much easier.
Conclusions
The discharge reactor structure of the GSD system was optimized and the dye mixture degradation was investigated in this paper. Larger screw pitch (s) and smaller wire length (l) enhanced O 3 generation. Through optimization, the reactor structure of the GSD system with the ratio of discharge field area and volume (S/V ) of 2.48, screw pitch between highvoltage electrode (s) of 9.7 mm, high-voltage electrode wire diameter (l) of 0.8 mm, dielectric tube thickness (m) of 2.0 mm and tube inner diameter (d) of 16.13 mm presented a better O 3 generation efficiency. After the GSD treatment, the dye mixture was decolored, COD and TOC decreased, BOD and BOD/COD increased and biodegradability was enhanced. Organics were decomposed, the chromophoric groups were destroyed, part of the macromolecules were oxidized into micromolecules and carbonaceous matter was transformed into CO 2 . The optimized GSD is an efficient dye degradation system.
